Thymoma is the most common tumor of the anteriorsuperior mediastinum. We have identi®ed a line of transgenic mice which spontaneously and heritably develop thymomas at a very high penetrance. The available data suggest that thymoma formation in these mice results as a consequence of transgene insertional mutagenesis. Immune histologic analyses indicate that the thymomas are of epithelial cell origin. Survival studies indicate that tumor progression is more aggressive in females as compared to males (73.9 vs 41.7% mortality at 20 weeks of age, respectively). Fluorescent in situ hybridizations have localized the transgene integration site to the F2-G region of mouse chromosome 2. Translocation encompassing the syntenic region in humans has been implicated in lympho-epithelial thymoma. These animals may constitute a useful resource for the identi®cation of gene(s) which participate in thymoma progression, as well as a model system for screening anti-thymoma therapeutic agents. Oncogene (2000) 19, 32 ± 38.
Introduction
Thymoma is the most common tumor of the anteriorsuperior mediastinum, comprising approximately 25% of the reported cases. Thymomas are comprised of neoplastic thymic epithelial cells accompanied by a variable admixture of benign lymphoblasts (Lewis et al., 1987) . Although most thymomas are thought to arise spontaneously, familial forms of the disease have been reported (Matani and Dritsas, 1973; Deminatti et al., 1994) . The genes which regulate thymoma onset and progression in humans have not yet been cloned.
A genetic thymoma animal model might provide a useful reagent with which to identify the genetic regulators of tumor progression in this organ, as well as provide insight into the regulation of normal thymus development. To date several thymoma animal models have been described. For example, thymoma was observed in transgenic mice which ectopically expressed a GRF-SV40 Large T Antigen transgene in the thymus (Botteri et al., 1987) . Transgene expression resulted in a marked increase in thymus mass as well as an increase in peripheral T cell counts (Moll et al., 1992) . Marked thymic hyperplasia was also observed in mice expressing cyclin D1 under the transcriptional control of the bovine keratin 5 promoter (Robles et al., 1996) . The importance of D-type cyclins in the regulation of thymus growth was further underscored by the presence of thymic hyperplasia in mice lacking p27 Kip1 , a protein which inhibits the kinase (CDK) activity required for cyclin function (Fero et al., 1996) . Thymoma has also been reported to occur spontaneously in BUF/Mna rats (Matsuyama et al., 1988) . Tumor progression in these animals appears to require the activities of three loci, designated Ten-1, Ten-2 and Tsr-1 (Murakumo et al., 1993 (Murakumo et al., , 1996 .
In the course of studying the role of TGF-b1 in the genesis of cardiac hypertrophy, we have identi®ed a line of transgenic mice which spontaneously and heritably develop thymomas at a very high penetrance. The data acquired to date strongly suggest that thymoma progression in these mice results as a consequence of the transgene integration event. Accordingly, these mice have been designated Tim-1, for Thymoma insertional mutation. Thymoma progression in Tim-1 mice obstructs the great vessels, which results in severe peripheral edema. Immune histologic and ultrastructural analyses indicate that the tumors are comprised of hyperplastic epithelial cells, as well as a variable content of lymphocytes. Interestingly, female Tim-1 mice succumb to thymoma more rapidly than their male transgenic siblings. Death in both sexes is typically associated with rupture of the great vessels, which apparently results from tumor invasion. The transgene integration site was localized to the F2-G region of chromosome 2 using¯uorescent in situ hybridization. Translocation at the syntenic region in humans has been implicated with lympho-epithelial thymoma. Tumorigenesis in Tim-1 mice thus has several attributes in common with thymoma progression in humans. The potential utility of these mice for the identi®cation of thymoma causing gene(s) and the development of anti-thymoma therapeutic screening is discussed.
Results
A series of experiments was initiated to examine the role of TGF-b1 in cardiomyocyte proliferation and hypertrophy. These studies entailed the generation of transgenic mice carrying a fusion gene comprised of the a-cardiac MHC promoter and a human TGF-b1 cDNA harboring a cys?ser substitution at amino acid residue #33. This mutation bypasses the need for proteolytic activation of the secreted protein (Brunner et al., 1992) ; consequently transgene expression should result in constitutive TGF-b1 activity in the heart. The construct (designated MHC-TGF) was microinjected into one cell embryos using standard protocols, and six of the resulting 38 mice were identi®ed as being transgenic. These mice were used to establish transgenic lineages, which were subsequently strati®ed with respect to levels of transgene expression. The line with the highest level of transgene expression was selected for additional experiments, while those lines with intermediate levels of expression were maintained in storage.
During the course of these studies, several of the mice in storage exhibited pronounced peripheral edema and labored breathing as they aged. These animals were sacri®ced, and upon necrospy it was apparent that the edema and respiratory distress were caused by physical obstruction of the great vessels. Figure 1A shows a gross view of the heart, great vessels and thymus from one of these animals. A very large mass at the base of the heart is readily apparent. Low power examination of histologic sections prepared from this sample indicated that the mass was due to abnormal growth of the thymus ( Figure 1B ). Multiple lobes containing relatively bland appearing eosinophilic cells interspersed with pockets of basophilic cells were observed throughout the thymus. High power views ( Figure 1C ) suggested that the bland cells within the lobes were of epithelial origin (e) while the pockets of basophilic cells were primarily lymphocytes (l). Anti-keratin (FITC-conjugated secondary antibody, green signal) and anti-leukocyte common antigen (Rhodamine-conjugated secondary antibody, red signal) immune histology of an adjacent section con®rmed the identity of these cells ( Figure  1D ). Death in thymoma-bearing mice is frequently accompanied by pronounced thoracic bleeding. Histologic analyses of an animal which died in this manner is shown in Figure 1E . Thymoma progression resulted in the rupture of the vena cava in this individual (arrows), apparently as a consequence of tumor invasion. In light of this it is of interest to note that thymomas with relatively high epithelial cell content also tend to be invasive in humans. Tritiated Figure 1 Histologic analysis of Tim-1 thymomas. (A) Gross view of the heart and thymus dissected from a Tim-1 mouse which exhibited labored breathing. Note the presence of a tumor mass at the base of the heart. (B) Survey micrograph of a section prepared from the same sample depicted in A, stained with H and E. Note the presence of a multi-lobed thymoma. (C) High power view of Tim-1 thymoma demonstrating the admixture of epithelial cells (e) and lymphocytes (1). Section was stained with H and E. (D) Confocal scanning laser microscopy image of a section adjacent to that depicted in C. The sample was stained simultaneously with anti-keratin (FITC-conjugated secondary antibody, green signal) and anti-leukocyte common antigen (rhodamine-conjugated secondary antibody, red signal) antibodies. Note the admixture of keratin positive epithelial cells (e) and lymphocytes (1). (E) Low power view of a Tim-1 thymoma from a mouse which died with thoracic bleeding. Section was stained with H and E. Note the vena cava rupture (arrow) which occurred secondary to tumor growth. The position of the right atrium (AT) and vagus nerve (arrowhead) are indicated. (F) High power view demonstrating epithelial cell DNA synthesis in a Tim-1 thymoma. Note the presence of nuclear silver grains (black signal), which identi®es those cells synthesizing DNA. Prior to autoradiography, the section was reacted with an anti-keratin antibody and signal developed with an HRP-conjugated secondary antibody and DAB reaction. (G) High power view demonstrating the absence of epithelial cell DNA synthesis in the thymus of a normal adult mouse. The sample was processed as described for F thymidine incorporation analyses indicated that the epithelial content on the tumors was avidly synthesizing DNA (as evidenced by the presence of nuclear silver grains in keratin-positive cells, Figure 1F ). Only low levels of epithelial cell DNA synthesis were observed in the non-tumorigenic control adult thymus ( Figure 1G ). Thus, thymoma formation in the Tim-1 mice results from epithelial hyperplasia.
Pedigree analyses revealed that the animals with thymoma were con®ned to a single transgenic lineage which exhibited an intermediate level of cardiac transgene expression. All of the transgenic animals in this lineage which died naturally (n=43) or which were sacri®ced due to respiratory distress (n=20) exhibited thymoma upon necrospy (Figure 2 ). In contrast, thymoma was not present in any of the non-transgenic siblings, nor in any of the other transgenic lineages examined. In light of the high concordance between transgene inheritance and thymoma in this lineage, the absence of thymoma in any of the other MHC ± TGF lineages, and the cardiac speci®city of the MHC promoter, we reasoned that the thymic tumors in these mice were likely to be directly attributable to the transgene integration event. Accordingly, they have been designated Tim-1, for Thymoma insertional mutation. All Tim-1 mice also exhibit exophthalamus and liver congestion; additional experiments are underway to determine if these phenotypes are secondary to great vessel obstruction or are a direct result of the insertional mutation.
Ultrastructural analyses were used to con®rm the identity of the cells present in the Tim-1 thymomas. Thymic epithelial cells (e) were observed to be closely juxtaposed with a lymphocyte (1) in the low-power TEM image depicted in Figure 3A . High power views revealed cells with many characteristics typical of thymic epithelia throughout the tumor. For example, abundant well-formed desmosomes (arrow) were observed to connect the tumor epithelial cells ( Figure  3B ). Ciliated epithelial cells were with a classic (9+2) arrangement of microtubules were observed ( Figure  3C ). In addition, tono®laments ( Figure 3D ) and as well as highly organized tono®brils ( Figure 3E , arrow) were apparent in the cytoplasm of the tumor epithelial cells. All of these characteristics have been observed in the keratinocytes present in thymic epithelial tumors (Battifora et al., 1980; Bloom and Fawcett, 1986) .
A retrospective analysis of the entire Tim-1 colony was performed to ascertain the time course of thymoma-related death. Eighty-two transgenic mice from the F 1 through F 3 generations were studied (36 males and 46 females). Figure 4 shows a KaplanMeier survival plot: 59.9% of the mice had died by 20 weeks of age. Interestingly, survival was greatly in¯uenced by the sex of the mice as is readily seen in Kaplan-Meier plots strati®ed according to gender (Figure 4) . Females exhibited 73.9% mortality at 20 weeks of age as compared to 41.7% mortality for males. Only ®ve mice (four males and one female) survived longer than 60 weeks of age. Male and female Tim-1 mice exhibiting labored breathing were given a bolus injection of tritiated thymidine to monitor tumor epithelial cell DNA synthesis. The mice were sacri®ced 4 hours later, and the thymomas were excised, sectioned, stained with an anti-keratin antibody (followed by an HRP-conjugated secondary antibody) and processed for autoradiography. Similar epithelial cell tritiated thymidine labeling indices were observed in preliminary comparisons of male and female thymomabearing Tim-1 mice (3.1 and 3.5%, respectively; an example is shown in Figure 1F ).
The data acquired to date strongly suggest that thymoma progression in the Tim-1 mice results as a consequence of the transgene integration event (i.e., insertional mutagenesis). Tumor progression in these mice is likely to be attributable to ectopic expression of the MHC-TGF transgene cDNA in the thymus, fortuitous activation of a proto-oncogene in the thymus, or fortuitous inactivation a tumor suppressor required for normal thymus development. Northern blot analyses were performed in a preliminary eort to distinguish between these mechanisms. Figure 5A shows an autoradiogram of a Northern blot probed with a radiolabeled human TGF-b1 cDNA: as expected abundant transgene signal was observed in RNA prepared from the heart of a Tim-1 mouse (lane 1: the transgene transcript reproducibly runs as a doublet in the glyoxal gel system used, see arrows). In contrast, no signal was observed in RNA prepared from a Tim-1 thymoma (lane 3), nor from RNA prepared from passage 25 cultures of keratinocytes derived from a Tim-1 thymoma (lane 5). Negative controls included RNA from the thymus of a MHC-TGF transgenic lineage which does not develop thymoma (lane 2), and RNA from a non-transgenic adult thymus (lane 4). The quantity and quality of the RNAs were established by staining the blots with methylene blue ( Figure 5B ).
The transgene integration site in Tim-1 mice was mapped using¯uorescence in situ hybridization (FISH). Lymphocytes cultured from a Tim-1 spleen were used to produce chromosome spreads. Initial experiments tentatively localized the integration site to chromosome 2. This result was con®rmed by hybridizing the chromosome spreads simultaneously to a biotinylated human TGF-b1 cDNA probe (yellow signal) and a mouse chromosome 2 paint probe (red signal, see Figure 6A ). Detailed analysis of the DAPI banding pattern of chromosome spreads hybridized to the biotinylated TGF-b1 probe indicated that the site of transgene integration is in the F2-G region of chromosome 2 ( were detectable under the conditions used, indicating that these animals harbor a single transgene integration site.
Discussion
Tim-1 transgenic mice develop lympho-epithelial thymoma as a consequence of transgene insertional mutagenesis. Histologically, the thymomas exhibit multiple lobes comprised predominately of hyperplastic epithelial cells interspersed with clusters of benign lymphocytes. Death in Tim-1 mice is frequently accompanied by rupture of the great vessels, which appears to result from tumor invasion. Thymoma progression in Tim-1 mice thus has several characteristics in common with patients. The rate of thymic tumorigenesis in Tim-1 mice is markedly gender-biased.
Thymoma progression in the Tim-1 mice is undoubtedly a direct consequence of the transgene integration event. Northern blot analyses argue against ectopic transgene expression as a mechanism for tumorigenesis, as human TGF-b1 transcripts were not detected in RNA prepared from the thymoma epithelial cell line. It is thus likely that expression of a gene (or genes) which controls thymic epithelial cell proliferation has been deregulated as a consequence of the transgene integration event. In this regard it is of particular interest to note that the transgene integration site maps to the F2-G region of mouse chromosome 2. Several compelling candidate genes are located within this region, including PCNA, BMP2, Bcl2l (also known as Bcl-x), Ptpns1 and Ptpra (receptor-like protein tyrosine-kinase phosphatase a). It is of interest to note that the transgene integration site (i.e. the F2-G region of chromosome 2) is syntenic to human chromosome 20p13. Translocation between chromosome 14q24 and 20p13 has been implicated with lympho-epithelial thymomas in humans (Deminatti et al., 1994) , suggesting that tumor formation in Tim-1 mice and in those individuals may share a common molecular etiology. Presently it is not clear if transgene integration activated a proto-oncogene in the thymus or alternatively inactivated a tumor suppressor which, following loss of heterozygosity, resulted in thymic hyperplasia. Elucidation of the mechanism of thymoma formation in Tim-1 mice must await identi®cation of the locus (or loci) modi®ed by the integration event.
A pronounced biphasic survival pattern was observed in unstrati®ed populations of Tim-1 mice, and preliminary evidence for tumor invasion (Figure 1 ) and metastasis (not shown) has been observed. In that regard it is of interest to note that a similar biphasic survival pattern has been described in sub-populations of thymoma patients with highly invasive and/or metastatic tumors (Lewis et al., 1987) . Further examination of the Tim-1 mice revealed a marked gender bias for survival, as female mice died much more rapidly than their male siblings. However, thymidine incorporation analyses revealed similar epithelial cell labeling indices in male and female Tim-1 tumors. Thus it would appear that the survival gender bias re¯ects the rate of tumor onset, rather than the rate of tumor growth once thymomas are present. Gender bias for thymoma patients with invasive and/or metastatic tumors has not been reported.
Several animal models exhibiting thymic epithelial hyperplasia have been described previously (see Introduction). Of particular interest, BUF/Mna rats carry germ-line mutations predisposing the animals to spontaneous thymoma formation at 9 ± 12 months of age (Matsuyama et al., 1988) . Genetic back-cross experiments have identi®ed two loci, Ten-1 (on chromosome 1) and Ten-2 (on chromosome 13) which appear to contribute to thymus enlargement (Murakumo et al., 1996) . Thymoma formation in these animals also requires the presence of Tsr-1 (located on chromosome 1, see Murakumo et al., 1993) . At present it is not clear if thymus enlargement in the BUF/Mna rats somehow predisposes these animals to the development of thymoma, or if the two phenotypes are not inter-dependent. None of the BUF/Mna thymoma-predisposing genes are syntenic to mouse chromosome 2 F2-G. Moreover, no gender bias was observed for thymoma progression in the BUF/Mna rats (Matsuyama et al., 1988) . Indeed, in vitro analyses indicated that estrogen inhibits thymic epithelial cell proliferation in this model (Seiki et al., 1997) , providing additional albeit circumstantial evidence that the mechanism underlying thymoma progression in BUF/Mna rats diers from that in the Tim-1 mice.
In summary, Tim-1 mice develop thymomas as a consequence of transgene insertional mutation. Thymomas were observed in all the transgenic animals which died naturally or which were sacri®ced due to labored breathing. Kaplan-Meier survival analyses indicated that 97.8% of the Tim-1 females and 88.9% of the Tim-1 males died by 60 weeks of age: presently, it is not clear if the few surviving males harbor less aggressive tumors or are tumor free. Penetrance of thymoma in the Tim-1 model is thus quite high. Tim-1 thymomas exhibit many cytologic and histopathologic characteristics in common with human thymomas, and FISH analyses indicated that the chromosomal region disrupted by the transgene integration event is syntenic with a region implicated in thymoma progression in humans. As such, the etiological basis for thymomagenesis in Tim-1 mice may mimic that for some forms of the human disease. These mice may be useful for the identi®cation of genes which regulate thymoma progression. Moreover, the apparent similarities between thymic tumorigenesis in Tim-1 mice and humans suggest that these animals may also be useful for screening anti-thymoma pharmaceutics and/or therapeutic interventions.
Materials and methods

Generation of the Tim-1 mice
A transgene comprised of the transcriptional regulatory sequences of the mouse a-cardiac myosin heavy chain (MHC, see Gulick et al., 1991) gene and sequences encoding a constitutively active human TGF-b1 cDNA (designated cys33, see Brunner et al., 1992) was constructed. The SV40 early region transcription terminator/polyadenylation site (nucleotide residues #2586 ± 2452, see Reddy et al., 1978) was inserted downstream from the TGF insert. The MHC ± TGF insert was puri®ed from an agarose gel using Geneclean glass beads (Bio 101, Vista, CA, USA) and microinjected into inbred C3HeB/FeJ (Jackson Laboratories, Bar Harbor, MA, USA) zygotes using standard methodologies (Hogan, 1994) . The microinjected embryos were cultured in vitro to the two cell stage, and then reimplanted into pseudopregnant SW/ Taconic (Taconic Farms, Germantown, NY, USA) female mice. For all surgeries, mice were anesthetized with 2.5% Avertin (0.015 ml/g body weight IP, Fluka Biochemicals, Ronkomkoma NY, USA). All manipulations were performed according to NIH and Institutional Animal Care and Use Guidelines. Pups derived from the microinjected embryos were screened for the presence of the transgene using diagnostic PCR ampli®cation, and positive animals were then used to establish lineages of transgenic mice.
Histology
Tissues were dissected and cryoprotected in 30% sucrose for 18 ± 24 h at 48C. The samples were then embedded and sectioned at 10 mm with a cryomicrotome. For hematoxylin and eosin (H and E) staining, sections were post-®xed in acetone : methanol (1 : 1) and stained according to manufacturer's speci®cations (Sigma Diagnostics, St. Louis, MO, USA). For immune histology, sections were post-®xed in acetone. Non-speci®c binding was blocked by incubation with 5% serum in PBS for 30 min. The sections were then reacted with the various primary antibodies for 2 h, followed by FITC-or rhodamine-conjugated secondary antibody for 60 min. Signal was then visualized by confocal scanning laser microscopy. The primary antibodies used were AE1 (anti-keratin, Boehringer Mannheim, Indianapolis, IN, USA) and 30-F11 (anti-leukocyte common antigen CD25, Pharmingen, San Francisco, USA).
For in vivo thymidine incorporation analyses, mice received a bolus injection of tritiated thymidine (400 mCi at 28 Ci/mM, Amersham, Arlington Heights, IL, USA) and 4 h later were sacri®ced by cervical dislocation. The thymoma was harvested and sectioned as described above. Endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide in methanol (30 min, room temperature), and the sections were reacted with AE1 (anti-keratin) antibody as described above followed by HRP conjugated avidin-biotin complex for 30 min (Vectastain Elite ABC Kit, Vector Laboratories, Burlingame, CA, USA) and signal was developed using diaminobenzidine. A thin layer of photographic emulsion (Ilford K.5, Polysciences, Warrington PA, USA) diluted 1 : 1 with distilled water was then applied, and after exposure for 4 days, the emulsion was developed in Kodak D-19 at 208C for 4 min, washed with distilled water for 1 min, ®xed in 30% sodium thiosulfate for 10 min, and washed in distilled water. Labeling indices were determined by scoring the percentage of cells with silver grains over the nuclei.
Ultrastructural analyses
Selected cell cultures and tumor samples were ®xed in 2% glutaraldehyde in 0.1 M sodium cacodylate buer (pH 7.4) containing 0.1 M sucrose and 0.05% CaCl 2 , followed by post®xation in 2% osmium tetroxide in the same buer (Stevens Metallurgical Corp., New York, NY, USA). All other EM chemicals were obtained from Ladd Research Industries, Inc. (Burlington VT, USA). Samples were stained with 2% uranyl acetate in pH 5.2 maleate buer (0.05 M), dehydrated, and embedded in Ladd LX-112. After trimming, the block was thin sectioned and stained with uranyl acetate and lead citrate. Specimens were viewed on a Phillips 400 transmission electron microscope.
Northern blots
Tissue samples or harvested cells were homogenized with a polytron in 4.0 M guanidinium thiocyanate, 1% mercaptoethanol, and total RNA puri®ed by centrifugation through 5.7 M CsCl as described (Sambrook et al., 1989) . RNA samples were quantitated by spectrophotometry at 260 nm. For Northern analysis, total RNA (10 mg) was denatured with glyoxal, separated by size on 1.2% agarose gels and transferred to Genescreen (DuPont, Wilmington, DE, USA). Probe was radiolabeled by nick translation using standard protocols (Sambrook et al., 1989) . Hybridizations were for 20 h at 658C in 46SSC, 26 Denhardt's, 0.1% SDS and 1 mg/ml salmon sperm DNA. Blots were washed at 658C in 26SSC, 0.1% SDS, and signal visualized by autoradiography at 7708C with an intensifying screen.
Fluorescence in situ hybridization (FISH)
Lymphocytes isolated from an adult Tim-1 mouse spleen were cultured at 378C in RPMI 1640 medium containing 15% fetal calf serum, 3 mg/ml concanavalin A, 10 mg/ml lipopolysaccharide and 5 mM mercaptoethanol for 44 h. BrdU was added to a ®nal concentration of 0.18 mg/ml to induce synchronization, and the cells were cultured for an additional 14 h. The BrdU was removed and the cells were cultured for an additional 4 h in a-MEM supplemented with thymidine (2.5 mg/ml). To prepare chromosomes for FISH analysis, the cells were lysed by hypotonic treatment, ®xed and air dried onto glass slides as described (Feng et al., 1994) . A 2 kb TGF-b1 cDNA was biotinylated using a BioNick labeling kit according to the manufacturer's protocol, which would give rise to a yellow¯uorescent signal (Bethesda Research Labs, Bethesda, MD, USA). A Cy3-labeled mouse chromosome 2 paint probe (red signal, Cambios, Cambridge, UK, USA) was used for co-hybridization studies FISH analysis was then performed essentially as described (Heng et al., 1992 (Heng et al., , 1993 .
